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We explore modifications to the loop-induced Higgs couplings hγγ and hγZ from light charginos
in the Minimal Supersymmetric Standard Model. When the lightest chargino mass is above the
naive LEP bound of order 100 GeV the effects are modest, with deviations in the decay branching
ratios typically less than 15% from the Standard Model predictions. However, if the charginos are
lighter than 100 GeV, more dramatic alterations to these couplings are possible as a consequence of
the rise of the one loop form factor. For example, the diphoton signal strength can be enhanced by
as much as 70% compared to the Standard Model value. We scrutinize in detail the existing LEP,
Tevatron, and LHC searches and present a scenario in which a very light chargino with a mass as
light as half the Higgs mass is hidden at LEP and is allowed by all direct collider constraints and
electroweak precision tests. The scenario has a sneutrino LSP with a macroscopic decay length of
order 10− 100 cm. We outline potential search strategies to test this scenario at the LHC.
The ATLAS and CMS experiments at the Large
Hadron Collider have discovered a resonance at 125 GeV
that appears in all respects to be the long-sought Higgs
boson [1, 2]. While this discovery represents an impor-
tant milestone in our efforts to understand the mecha-
nism of electroweak symmetry breaking, it also presents
an exciting opportunity to probe physics beyond the
Standard Model (SM) through precise studies of the
properties of this new state. In this direction, there is
now a dedicated experimental program to measure its
couplings and quantum numbers. It is therefore of partic-
ular interest to understand the predicted range of Higgs
couplings in motivated extensions of the Standard Model
(SM), especially those that address the hierarchy problem
such as the Minimal Supersymmetric Standard Model
(MSSM).
In this paper we revisit the modifications to the loop-
induced couplings hγγ and hγZ from charginos in the
MSSM. The Higgs-chargino-chargino coupling descends
from the SU(2)L Higgs-Wino-Higgsino gauge interaction
and thus has a magnitude of order g/
√
2, small in com-
parison to the top Yukawa coupling. Because of this fact,
one generally expects that charginos lead to small devi-
ations in the loop-induced couplings with respect to the
SM predictions. This expectation was confirmed recently
in Ref. [3].
This conclusion, however, rests on the assumption that
the chargino is heavier than the naive kinematic LEP
bound of order 100 GeV. In this paper we will relax
this assumption and entertain the possibility of charginos
lighter than 100 GeV, and perhaps as light as mh/2. In
this regime, there is a strong enhancement in the one
loop form factors governing the h→ γγ, h→ γZ decays
that can compensate the smallness of g. We will demon-
strate that enhancements as large as 70% in the partial
decay rates are then possible. While our focus is on the
well-motivated case of charginos in the MSSM, the rise
of the form factor is a generic feature for any new light
charged particles coupled to the Higgs.
As we will review in detail, the LEP experiments per-
formed a suite of searches that are sensitive to chargino
pair production, resulting in a fairly robust bound on the
chargino mass that is close to the kinematic limit of order
100 GeV. However, as stressed recently in Ref. [4], these
searches have very weak coverage for neutral particles
with a displaced decay length of order 10-100 cm due to
strict impact parameter requirements for charged parti-
cles. Exploiting this fact, we present a scenario contain-
ing a very light chargino χ˜+, with mass mh/2 < mχ˜+ .
100 GeV, that is allowed by all direct searches at LEP,
Tevatron, and LHC. In our scenario, the LSP is a sneu-
trino with a macroscopic lifetime that decays within the
detector through a small R-parity violating coupling. We
also show that such light charginos can give an acceptable
description of the precision electroweak data. Finally, we
describe several potential experimental strategies to test
this scenario at the LHC.
A great deal of theoretical effort has been focused on
possible new physics contributions to the coupling of the
Higgs to two photons. For example, besides the very light
charginos that we discuss in this work, in the MSSM one
can obtain a sizable enhancement in the h → γγ rate
with light, highly mixed staus [5–8]. These investigations
have been motivated by data. Early on in the search for
the Higgs particle both ATLAS and CMS consistently
reported measurements of the diphoton signal strength
that were larger than one. While ATLAS still observes
an enhancement in this channel, the latest CMS study
no longer reports an enhancement. The most up-to-date
measurements of the diphoton signal strength as of SUSY
2013 read [9],[10]:
µγγ = 1.55
+0.33
−0.28, ATLAS (1)
µγγ = 0.78± 0.27, CMS (2)
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2The quoted CMS result is based on a MVA analysis; a
cut based analysis is also performed and yields a higher
central value: µγγ = 1.11 ± 0.31 [10]. The situation is
therefore not clear experimentally, with the ATLAS and
CMS disagreeing at the 2σ level. Thus, while there is
certainly no statistically significant evidence for a large
enhancement in this channel, there is still ample room for
deviations to show up with the data accumulated during
the upcoming 13 TeV run. If an unambiguous deviation
in h→ γγ (or h→ γZ) is eventually established, then it
will be important to revisit with experiment the possibil-
ity of charginos and other hypothetical charged particles
below ∼ 100 GeV, since in this regime significant devia-
tions are obtained even for weak couplings to the Higgs.
CHARGINO CONTRIBUTIONS TO
h→ γγ AND h→ γZ
We begin our study with an exploration of the possi-
ble range of corrections from very light charginos to the
h→ γγ and h→ γZ rates. The one-loop chargino contri-
butions to these rates have been computed in Refs. [11–
16]. These contributions have been incorporated into the
CPSuperH package for MSSM Higgs phenomenology,
and formulae for the partial decay widths are collected
in Refs. [17, 18]. For the numerical results below, we have
recalculated the partial decay rates and cross checked the
results with CPSuperH.
As alluded to above, one does not generally expect
large contributions from chargino loops to these pro-
cesses, as the h0χ˜+χ˜− coupling is governed by the weak
gauge coupling g. We can see this explicitly by employing
the low-energy theorem [19, 20] to compute the effective
hγγ coupling, which in the decoupling limit is given by
L ⊃ α bχ˜+
16
√
2piv
[(
∂
∂ log vu
+
∂
∂ log vd
)
logXX†
]
h0FµνF
µν ,
(3)
where vu, vd are the vacuum expectation values for the
up- and down-type Higgs, v ≡ √v2u + v2d = 174 GeV,
bχ˜+ = 4/3 is QED beta function coefficient for the
chargino, and X is the chargino mass matrix,
X =
(
M2 gvu
gvd µ
)
, (4)
with M2 the wino soft mass and µ the supersymmetric
Higgs mass parameter. We can straightforwardly take
the derivatives in Eq. (3) and compute the correction to
the partial decay width:
Γ(h→ γγ)
Γ(h→ γγ)SM '
∣∣∣∣1 + bχ˜+ASMγ g
2v2 sin 2β
M2µ− 12g2v2 sin 2β
∣∣∣∣2, (5)
where tanβ ≡ vu/vd and ASMγ ≈ 6.5 comes mainly from
the W and top loop. We observe that the chargino con-
tributions is maximized for tanβ → 1. However, even
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FIG. 1. Form factor A1/2(mχ˜+) for h → γγ mediated
by a chargino loop (our definition of A1/2 matches that of
Ref. [21]). We display the real (blue) and imaginary (or-
ange) parts of the form factor. The red line indicates the
Higgs mass. The dark shaded region mχ˜+ < mh/2 is not
allowed by the Higgs signal strength dataset, since for such
light charginos the Higgs would dominantly decay to chargino
pairs. Direct searches at LEP place model dependent con-
straints in the light shaded region mχ˜+ . 100 GeV. As the
mass of the chargino is lowered, the form factor increases
from A1/2 = 4/3 for very heavy charginos to A1/2 = 2 for
mχ˜+ = mh/2.
in this case, if the lightest chargino is above ∼ 100
GeV, only a moderate contribution to the h → γγ par-
tial width is achieved. For example, with tanβ = 1,
M2 = µ = 185 GeV, we obtain the chargino mass eigen-
values (mχ˜+1
,mχ˜+2
) = (104, 266) GeV and an enhance-
ment in the h0 → γγ rate of ∼ 20% from Eq. (5). In
this case, the lightest chargino is just above the LEP
limit of 103.5 GeV assuming the decay χ˜+1 →W+χ˜0 and
R-parity conservation resulting in a stable neutralino χ˜0.
This is the maximum enhancement possible for charginos
heavier than the LEP bound, and the effect decreases
dramatically as the lightest chargino mass is raised and
as tanβ is increased.
We now relax the assumption that the chargino is heav-
ier than 100 GeV and consider lighter charginos. We re-
strict to values of the lightest chargino mass eigenstate
greater than mh/2 since otherwise the Higgs boson will
dominantly decay to a pair of charginos, which is not al-
lowed by the Higgs signal strength dataset. Later we will
present a concrete scenario in which such a light chargino
evades all direct searches at LEP, but the chargino con-
tributions to the loop-induced Higgs couplings are inde-
pendent of these considerations. The point we wish to
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FIG. 2. Ratio of the partial decay width for h → γγ to
the SM prediction including the contribution of charginos.
We have fixed M2 = µ and work in the decoupling limit.
The prediction is shown for lightest chargino masses m
χ˜+1
=
64, 70, 80, 103.5 GeV.
emphasize here is very simple: as the mass of the light-
est chargino mχ˜+1
decreases towards mh/2, the one loop
form factor A1/2(mχ˜+1
) exhibits a rise, as displayed in
Fig. 1. The form factor increases from its asymptotic
value of A1/2 = 4/3 for heavy charginos to A1/2 = 2 for
mχ˜+1
= mh/2. This basic observation, which of course
applies not only for charginos but for all light charged
particles that couple to the Higgs, allows for a large cor-
rection to the loop-induced couplings.
We present in Figs. (2) and (3) the ratios of the partial
decay widths to their SM values, including the one-loop
chargino contributions, for h→ γγ and h→ Zγ, respec-
tively. The results are displayed as a function of tanβ for
several values of the lightest chargino mass eigenstate be-
tween mh/2 and the LEP limit. In this plot we have fixed
M2 = µ, which maximizes the chargino contribution. We
observe that it is possible to obtain enhancements as large
as 70% (75%) for the h→ γγ (h→ γZ) rates in the ex-
treme case of mχ˜+1
= 64 GeV and tanβ = 1. However,
even for somewhat larger chargino masses and tanβ val-
ues, it is possible to achieve a sizable enhancement. For
instance, if mχ˜+1
= 70 GeV and tanβ = 4, one obtains
enhancements of order 30%.
We note that the LHC can eventually measure the hγγ
coupling with a precision of 5 − 10% with a high lumi-
nosity 3000 fb−1 run, while a future linear collider can
achieve a precision of a few percent [22],[23]. In contrast
to the h → γγ channel, very few detailed studies exist
for the h → γZ channel. The analyses of Refs. [24],[25]
indicate that the SM prediction for this channel can be
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FIG. 3. Ratio of the partial decay width for h → γZ to
the SM prediction including the contribution of charginos.
We have fixed M2 = µ and work in the decoupling limit.
The prediction is shown for lightest chargino masses m
χ˜+1
=
64, 70, 80, 103.5 GeV.
probed with O(100 fb−1) at the LHC, but as far as we
are aware no projections for future colliders exist.
COLLIDER BOUNDS ON CHARGINOS
While we have speculated in the previous section on
the existence of a light chargino with mass mh/2 <
mχ˜+ . 100 GeV, the conventional wisdom states that
charginos are ruled out up to the kinematic reach at
LEP2, mχ˜+ & 100 GeV. We now survey the existing lim-
its from LEP on such light charginos, the assumptions
going into such limits, and potential loopholes in these
analyses. We will break the discussion into scenarios with
and without R-parity conservation. In the next section
we will present a concrete scenario with a chargino as
light as mh/2 which evades all direct collider constraints.
R-parity conservation We first consider scenarios
with a conserved R-parity and stable LSP.
• Chargino LSP 1: A stable (or long-lived) chargino
LSP is ruled out up to the kinematic limit at LEP
by searches for charged massive stable particles,
e.g., Refs. [27, 28]. The actual bound is much
higher in chargino mass by now due to similar
1 In the MSSM the neutralino is generically lighter than the
chargino, although an exception to this rule occurs when
sign(M1) 6= sign(M2) = sign(µ). See Ref. [26] for a detailed
analysis.
4searches at the Tevatron and LHC. Beyond direct
collider searches, strong bounds on cosmologically
stable charginos exist from from searches for heavy
water isotopes, see, e.g., Ref. [29].
• Neutralino LSP, Chargino NLSP: This is the
canonical scenario for a light chargino. There are
two cases to consider:
1) In the case of sizable chargino-neutralino mass
splitting ∆M , the limit on the chargino mass is
103.5 GeV [30]. This limit assumes that the sneu-
trinos are heavy, mν˜ > 300 GeV. If a light electron-
type sneutrino is present in the spectrum, mν˜e .
100 GeV, the chargino pair production cross sec-
tion can be as small as ∼ 0.5 pb (for M2 = µ)
depending on the parameters. The upper limit
on the chargino pair production cross section [30]
is larger than this in some regions of parameters
space, particularly for chargino masses mχ˜+1
& 65
GeV and light neutralinos, mχ˜01 . 20 GeV. A de-
tailed investigation of this possible opening is be-
yond the scope of this paper, but we note that there
are several important additional considerations be-
sides the LEP cross section limit: 1) constraints
from Higgs decays to neutralinos, 2) implications
of a light sneutrino (we will discuss this issue be-
low), 3) collider searches from Tevatron and LHC
(the chargino/neutralino production cross section
at hadron colliders does not depend on the proper-
ties of the sneutrino).
2) In the case of a small chargino-neutralino mass
splitting ∆M , dedicated searches were carried out
to cover this region [31]. The limits are quite strong
in general, but there is a region from 0.1 GeV .
∆M . 3 GeV where the limit is slightly weaker
than the naive kinematic limit, mχ˜+1
& 92 GeV. We
note that in this case, one can obtain a maximum
enhancement of about 30% in the h → γγ decay
rate from chargino loops.
• Sneutrino LSP - Chargino NLSP: In this case, the
chargino will decay to a lepton and a stable sneu-
trino, leading to a slepton-like signature of acopla-
nar leptons plus missing momentum. The com-
bined LEP2 upper limits on the slepton produc-
tion cross section are very strong in this case, be-
low 0.2 pb for the case of stau, and much lower
for smuon and selectron [32]. There is a possible
loophole in the region of small mass splitting be-
tween the slepton (or chargino) and LSP, as in this
regime the leptons are very soft and the missing mo-
mentum is small as the LSPs travel back-to-back.
For example, the ALEPH slepton search [33] re-
quires each lepton to have pT > 0.5%
√
s and miss-
ing transverse momentum pTmiss > 1%
√
s, crite-
ria which will generically not be met for splittings
smaller than a GeV. We note that, unlike a neu-
tralino and chargino, there is no particular reason
that a chargino and a sneutrino should be so close
in mass, but it is nevertheless an interesting possi-
bility.
R-parity violation We now consider scenarios with
R-parity violation, in which the LSP is unstable. The
signatures of chargino pair production are rich and var-
ied in this case, with multiple leptons, jets and missing
energy (from neutrinos) as a possible final states. If the
chargino is the LSP, it will decay to three SM fermions: 2
charged leptons and a neutrino through LLE, 2 jets and
a lepton or neutrino via LQD, and three jets via UDD.
If the chargino is the NLSP, or there are additional light
superpartners in the spectrum, the final state multiplicity
is even higher. The LEP experiments performed a broad
array of searches to cover this diversity of signatures.
The ALEPH [34], DELPHI [35], and OPAL [36] anal-
yses present inclusive limits from multiple search chan-
nels interpreted within the framework of the MSSM in
the µ −M2 parameter space; the chargino mass limit is
mχ˜+1
& 100 GeV in all cases. In contrast, the L3 anal-
ysis [37] presents limits on specific decay modes for as-
sumed spectra and RPV couplings, which are more easily
interpreted. Again, charginos are ruled out up to ∼ 100
GeV in all cases, though not all RPV couplings are con-
sidered.
For the ALEPH, DELPHI, and OPAL analyses, since
explicit limits on specific decay modes of the chargino are
not presented, it is difficult to make a concrete statement
on the mass limit of the chargino for a specific spectrum
and RPV coupling without further detailed analysis and
simulation to recast these results. Nonetheless, in all of
the RPV searches referenced above the observed num-
ber of events and expected backgrounds are reported for
each selection, and no statistically significant excess was
observed. Given the large chargino pair production cross
section, one expects that the upper limit on the chargino
mass will be close to the kinematic reach for any conceiv-
able decay path.
CHARGINO HIDING AT LEP
As we have seen, a variety of searches at LEP place a
fairly robust bound on charginos close to the naive kine-
matic limit, mχ˜+1
& 100 GeV. An explicit assumption in
the RPV searches is that the LSP decays promptly. How-
ever, as emphasized recently in Ref. [4], these bounds are
often severely weakened or even nullified if the LSP has
a displaced decay within the detector. In this section we
describe a viable scenario in which the lightest chargino
has a mass mh/2 < mχ˜+1
. 100 GeV. In our scenario, the
LSP is a sneutrino that has a macroscopic decay length
of order 10− 100 cm. We will demonstrate that this sce-
5nario is compatible with all existing direct searches by
experiments at LEP, Tevatron, and LHC.
Long-lived Neutral LSP at LEP We begin by de-
scribing how long-lived neutral states decaying to jets
and/or charged leptons can evade the suite of searches
performed at LEP. We may first ask how such objects
are classified during event reconstruction. For concrete-
ness, let us focus on the ALEPH experiment [38], which
uses an energy flow algorithm. The process begins with
the identification of “good” charged tracks. Any charged
track which originates from within a cylinder of length
20 cm and coaxial radius 2 cm from the beam line and
centered about the interaction point will be considered as
a “good” track. Crucially, for a long-lived neutral parti-
cle with a macroscopic lifetime, cτ & 10 cm, the tracks
associated with the charged decay products will be ig-
nored as they will generally not point back to the colli-
sion point. The LEP RPV searches typically require a
minimum number of “good” tracks, a significant fraction
of which are assumed to originate from the prompt decay
of the LSP. This selection criterion will generally not be
met if the LSP decays far away from the primary inter-
action region. Similar conclusions hold for the DELPHI,
OPAL, and L3 experiments [35–37].
What then becomes of the particles produced in the
displaced decay of the long-lived neutral particle? If the
decay is displaced but still within the detector, the fi-
nal state jets and/or leptons will deposit energy in the
hadronic and/or electromagnetic calorimeters, and as
such the long-lived neutral particle will not leave a sig-
nature of missing transverse momentum. Instead, these
particles will be classified as neutral hadrons by the en-
ergy flow algorithm [38].
For lifetimes greater than several meters, the LSP can
escape the detector altogether, leading to events with
missing transverse momentum. Thus, in this regime stan-
dard SUSY searches will place severe constraints on spar-
ticle masses. However, as we will show, there is an im-
portant gap for lifetimes of O(10 − 100 cm) for which a
displaced neutral LSP can evade the searches at LEP.
Very Light Chargino We now describe a viable
scenario for a very light chargino with mass mh/2 <
mχ˜+1
. 100 GeV. For concreteness, we take the electron-
type sneutrino to be the LSP and assume it decays via
the λ121 LLE coupling to an electron and anti-muon,
ν˜e → e− + µ+. (6)
The partial decay width is given by Γν˜e→e−µ+ '
λ2121mν˜e/16pi, implying a sneutrino decay length
cτν˜e ≈ 1 cm×
(
10−7
λ121
)2(
70 GeV
mν˜e
)
. (7)
Such a small RPV coupling of order 10−7 is allowed by all
experimental constraints [39]. Furthermore, constraints
from lepton flavor violation are model dependent and can
be evaded with appropriate choices of the slepton and
sneutrino soft masses and trilinear couplings. In addition
to the sneutrino and chargino, there will necessarily be
a light selectron and neutralino in the spectrum, and we
will also consider the constraints on these states as well.
Although our quantitative results apply to the specific
case of an electron sneutrino LSP decaying according to
(6), there are other viable possibilities for the flavor and
decay mode of the sneutrino. We will comment on these
and other possibilities for the LSP and its decays below.
We now carefully consider the existing constraints on
this scenario from direct collider searches and derive ex-
clusion regions as a function of the sneutrino lifetime.
To obtain our numerical results we have used Mad-
Graph5 [40] for event generation, implementing the
RPV-MSSM model with FeynRules [41], in conjunc-
tion with a private code to to compute the efficiency of
track selection accounting for the finite decay length of
the sneutrino.
Sneutrino LSP We first consider the constraints on
direct pair production of the sneutrino LSP at LEP. With
the sneutrino decay mode in Eq. (6), pair production will
lead to a four lepton final state. The ALEPH search [34]
places a lower bound on the ν˜e mass close to the kine-
matic limit, mν˜e & 100 GeV, in the case when the sneu-
trino decays promptly. However, the analysis requires 4
good tracks [42], and this requirement will generally not
be met for sneutrinos with a sufficiently displaced decay.
In Fig. 4 we display the fraction of signal events ac-
cepted as a function of cτν˜e after demanding that each
lepton points back to a cylinder of length 20 cm and coax-
ial radius 2 cm centered about the collision. We observe
that the acceptance decreases dramatically for sneutrino
lifetimes larger than the cylinder radius, as in this regime
the leptons do not typically point back to the cylinder.
In Fig. 5 we present the bounds from this search in the
sneutrino lifetime (cτν˜e) - sneutrino mass plane. To de-
rive these bounds, we equate the product of the sneutrino
pair production cross section and the efficiency to select
four good tracks to the RPV four lepton cross section
limit in Fig. 6a of Ref. [34]. The sneutrino pair produc-
tion cross section can be found in Ref. [43]. It is impor-
tant to note that for electron sneutrino pair production in
e+e− reactions, there is an additional diagram involving
the t-channel exchange of the chargino. We have made
the assumption mχ˜+1
= mν˜e + 10 GeV, M1 = µ, and
tanβ = 1.5 in Fig. 5. In fact, the chargino diagram dom-
inates in this case, leading to a cross section as large as
3 pb for mν˜e = 65 GeV; the bound on a muon or tau
flavored sneutrino would be much weaker. Nevertheless,
we conclude from Fig. 5 that electron sneutrino LSPs de-
caying to eµ pairs with decay lengths of 25 cm or longer
are not constrained by this search. We note that Ref. [4]
also derived bounds on a long-lived sneutrino LSP for the
case in which it decays to a bb¯ pair.
What is the lower limit on the sneutrino mass? Sneu-
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FIG. 4. Efficiency to select events with four good tracks in
sneutrino pair production followed by ν˜e → e−µ+ for √s =
208 GeV as a function of the sneutrino lifetime (cτν˜e). Here
we have fixed mν˜e = 70 GeV.
trinos lighter than mZ/2 will be constrained by the total
width of the Z boson. Furthermore, the Higgs can decay
to sneutrino pairs if mν˜e < mh/2. The coupling of the
Higgs to sneutrinos is λh0ν˜ν˜∗ = m
2
Z cos 2β/
√
2v, and thus
h→ ν˜eν˜∗e would be the dominant decay mode for all val-
ues of tanβ except those very close to unity. Up to the
additional phase space suppression for mν˜e . mh/2, we
find that for tanβ . 1.2, the Higgs branching fraction to
sneutrino pairs is Br(h → ν˜eν˜∗e ) . 0.2 which is allowed
by current LHC data on the Higgs signal strength mea-
surements. However, it is important to emphasize that
an additional decay mode of the Higgs to sneutrino pairs
will also dilute any enhancement in h → γγ, γZ due to
the light chargino. We will therefore restrict to sneutrino
masses greater than mh/2.
Light Chargino Given that the electron sneutrino
LSP can be lighter than 100 GeV provided its decay is
displaced, cτν˜e & 25 cm, we now investigate whether a
very light chargino with mass mh/2 < mχ˜+ . 100 GeV
is also allowed in this scenario. The chargino will decay
promptly via
χ˜+1 → e+ + ν˜e, (8)
followed by the displaced sneutrino decay (6) to a e−µ+
pair. Chargino pair production will thus lead to a six lep-
ton final state, with four of the leptons being displaced.
There are two classes of LEP searches that are sensi-
tive to chargino pair production in this case. The first
class of searches are for multi-lepton final states, as in
RPV searches [34–37]. These searches will be relevant
for prompt sneutrino decays. However, as in the case
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FIG. 5. Constraints from ALEPH RPV four lepton
searches [34] on an electron sneutrino LSP decaying via
ν˜e → e−µ+ in the sneutrino lifetime (cτν˜e) - sneutrino mass
plane. Here we have fixed m
χ˜+1
= mν˜e + 10 GeV, M1 = µ,
and tanβ = 1.5
of direct sneutrino pair production discussed above, the
multi-lepton RPV searches explicitly require a minimum
number of good tracks and their reach will be signifi-
cantly diminished as the sneutrino lifetime increases. The
second class involves searches for acoplanar leptons plus
large missing transverse momentum [33, 44–46], which is
the canonical signature of sleptons in R-parity conserving
scenarios, and is relevant for very long sneutrino lifetimes
such that the sneutrino decays outside the detector.
We present in Fig. 6 the bounds on chargino pair pro-
duction as a function of the chargino mass and sneutrino
LSP lifetime. First, the red shaded region is constrained
by the OPAL RPV six lepton search [36]. To derive
these bounds, we equate the product of the sneutrino
pair production cross section (see, e.g., Ref. [43]) and
the efficiency to select at least 5 good tracks obtained
through our simulation to the six lepton cross section
limit in Fig. 7 of Ref. [36] 2. A “good” track for the
OPAL search is one that points back to a cylinder with
a 1 cm coaxial radius and 40 cm length around the pri-
mary collision [36]. The presence of an electron sneutrino
LSP leads to an additional t-channel sneutrino exchange
diagram in chargino pair production, which interferes de-
structively with the s-channel γ, Z exchange amplitudes.
2 While Fig. 7 of Ref. [36] presents a limit on slepton pair pro-
duction resulting in six lepton events with large missing energy,
we note that the search also included selections sensitive to six
leptons without missing energy, and thus applies to our scenario.
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FIG. 6. Constraints in the chargino mass - sneutrino lifetime
plane on chargino pair production with the subsequent decay
chain χ˜+1 → e+ + ν˜e, ν˜e → e−+µ+. The red shaded region is
ruled out by the OPAL six lepton RPV search [36], while the
blue shaded region is ruled out by the ALEPH slepton search
(acoplanar leptons plus missing transverse momentum) [33].
We have fixed mν˜e = 65 GeV, M2 = µ, and tanβ = 1.5.
For the limit in Fig. 6 we have fixed mν˜e = 65 GeV,
M2 = µ, and tanβ = 1.5.
The blue shaded region in Fig. 6 is constrained by the
ALEPH slepton search for acoplanar leptons plus miss-
ing transverse momentum [33]. To place the bound we
calculate as a function of cτν˜e the efficiency for both sneu-
trinos emitted in the decays of the charginos to escape
the detector before decaying. The chargino cross section
scaled by this efficiency is then compared to the observed
cross section limit on selectron pair production (Fig. 7a of
Ref. [33]). We note that the search [33] employs a neutral
veto to eliminate SM dilepton events with hard initial or
final state radiation. The invariant mass between any
good charged track and neutral energy flow particle is
required to be very small. If one of the sneutrinos has
a displaced decay within the detector it will be classified
as a neutral hadron, and the event will be cut as a re-
sult of the neutral veto. In our simulation, we therefore
select events in which both sneutrinos decay outside the
detector
We note that for larger lifetimes there can be an addi-
tional source of missing transverse momentum due to the
mis-measured momentum of the sneutrino. As the dis-
placed sneutrinos in our scenario will be classified as neu-
tral hadrons, it is likely their momentum is determined
by tracing hits in the calorimeter back to the event ver-
tex. This will result in a measured momentum that is
different than their true momentum. As such, the total
momentum of visible objects in the event will not bal-
ance. We have simulated this effect and find that for
lifetimes of order 100 cm or more the missing momen-
tum can be ∼ 5 − 10 GeV, large enough to pass the
missing pT selection of the slepton search in Ref. [33].
However, as discussed above, the neutral veto employed
in this analysis requires both sneutrinos to escape the
detector. Thus, the bound in Fig. 6 is not affected by
this additional source of missing transverse momentum.
See Ref. [47] for further discussion of the effects of mis-
measured momentum.
We conclude from Figs. 5 and 6 that there is a large
range of sneutrino LSP lifetime between 25 cm . cτν˜e .
300 cm for which light charginos with mass mχ˜+1
& mh/2
are allowed by direct searches at LEP.
Light neutralino and selectron Thus far we have dis-
cussed only the sneutrino LSP and the very light chargino
below 100 GeV . However, in addition to these states,
there will also necessarily be a light neutralino and light
selectron in the spectrum. We now discuss the possible
constraints on these light states from LEP searches.
We first consider the lightest neutralino. To see that
there is a light neutralino, consider the limit M2 = µ,
tanβ = 1 relevant for large modifications to the hγγ and
hγZ couplings. For |M1|  M2 we obtain the following
approximate expressions for the mass eigenvalues of the
chargino-neutralino system:
Mχ˜+ ≈
(
M2 − gv√
2
,M2 +
gv√
2
)
Mχ˜0 ≈
(
M2 − gv√
2
,M2,M2 +
gv√
2
, |M1|
)
(9)
One observes that the lightest chargino and neutralino
are degenerate in this limit. Moving away from this
limit, one still always finds a light neutralino eigenvalue
accompanying the light chargino, which can be heavier
or lighter than the chargino depending on the sign and
magnitude of M1. We must therefore carefully consider
the constraints on the lightest neutralino at LEP in our
scenario with a sneutrino LSP with a displaced decay.
The neutralino will decay to a neutrino and a sneu-
trino:
χ˜01 → νe + ν˜e. (10)
For a displaced sneutrino decay consistent with the con-
straints derived in Figs. 5, 6, neutralino pair production
will result in the signature of neutral hadrons and miss-
ing momentum. Such a signature was never searched for
by the experiments at LEP. Another possible channel we
must consider is neutralino pairs produced in association
with a hard photon. This can lead to events in searches
for a single photon with missing energy. A number of
searches were performed at LEP for this signature [48–
55]. However, various cuts employed in these analyses
8will generally remove the signal events, e.g., a veto on ad-
ditional showers in the calorimeters [49], which would be
caused by the decay products of the sneutrino. Finally,
we also note that for small tanβ the lightest neutralino
coupling to the Z boson is suppressed, and thus the pair
production cross section of neutralinos will be very small
at LEP. Thus, the LEP searches place no strong con-
straints on very light neutralinos decaying via (10).
We must also consider the selectron e˜L that accom-
panies the sneutrino LSP ν˜e. In the limit that the soft
masses satisfy m2
E˜
 m2
L˜
, the lightest slepton mass can
be written as
m2e˜L ' m2ν˜e −m2W cos 2β. (11)
Even for fairly small values of tanβ, the selectron mass
can be pushed above 100 GeV and thus outside the kine-
matic domain of the LEP searches. As an example,
for a 65 GeV electron sneutrino, the selectron mass is
me˜L ≈ 100 GeV for tanβ ≈ 4.
Even if the selectron is lighter than 100 GeV, it will
still be allowed by LEP searches due to the displaced
decay of the sneutrino LSP. The selectron will decay via
e˜L →
{
χ˜− + νe → e− + νe + ν˜∗e ,
χ˜0 + e− → e− + νe + ν˜∗e ,
(12)
followed by the subsequent displaced decay of the sneu-
trino according to (6). Slepton pair production has a
final state containing two acoplanar leptons plus missing
transverse momentum, and so could show up in stan-
dard R-parity conserving slepton searches. However,
as discussed in the case of the chargino above, these
searches employ a neutral veto which would disqualify
signal events with a sneutrino displaced decay within the
detector. These searches can therefore place no addi-
tional constraints on our scenario beyond those presented
in Figs. 5, 6.
SUSY searches at Tevatron and LHC We have
demonstrated that our scenario with a very light chargino
and displaced electron sneutrino LSP can not be con-
strained for sneutrino lifetimes 25 cm . cτν˜e . 300 cm
by searches at LEP. We now consider additional possible
direct constraints on this scenario from searches at the
Tevatron and LHC including standard and RPV SUSY
searches.
The lightest states in the spectrum can be produced
with substantial rates at hadron colliders. For example,
the χ˜+1 χ˜
−
1 and χ˜
±
1 χ˜
0
1 production cross sections range from
O(1− 10 pb) for charginos/neutralinos in the mass range
of interest. Moreover, because we are considering values
of µ, M2 of order 100 GeV, there will be additional light
electroweak-inos with masses at the weak scale. Produc-
tion of these particles at hadron colliders can yield via
their cascade decays final states with multiple jets, lep-
tons and missing energy.
However, standard searches at the Tevatron and LHC
looking for these signatures place quality cuts on visible
final state objects [56–61] that are generally not suitable
for the displaced decay of the neutral LSP in our scenario.
Lepton candidates are required to have good tracks orig-
inating from primary vertex [62–65]. Furthermore, jets
are disqualified if the associated charged tracks carry too
small a fraction of the total jet energy [66–68]. But large
impact parameter tracks and neutral trackless jets are ex-
pected in events with a displaced sneutrino LSP decaying
to dilepton pairs in (6) at the end of the cascade. With
regards to the lightest states in the spectrum, although
the production rate is large the missing transverse en-
ergy is small and the prompt leptons are soft. This is
simply because these states are light . 100 GeV and the
decays feature a small ∼ O(10 GeV) mass gap. However,
standard SUSY searches typically require large missing
transverse energy and impose hard pT cuts on leptons.
Due to these considerations, we do not expect standard
SUSY searches at hadron colliders to constrain our sce-
nario.
Despite these reservations, as a conservative check we
have investigated the sensitivity of tri-lepton plus miss-
ing energy search [59, 69], which currently provides the
best sensitivity for gaugino and slepton pair production.
The heavier electroweak-inos in our scenario decaying
via W,Z bosons can yield events with multiple hard
prompt leptons and neutrinos. We simulate the ATLAS
search [59] for following benchmark point (yielding an
enhancement of ∼ 50% in the h → γγ, h → γZ decay
rate):
tanβ = 1.5, µ = M2 = 149 GeV, M1 = 1 TeV,
mL1 = 76 GeV, mE1 = 1 TeV. (13)
The spectrum contains a sneutrino LSP at 64 GeV and
along with a neutralino, chargino and slepton at 70, 71
and 82 GeV, respectively. Heavy electroweak-inos at this
point have masses of ∼ 150 GeV and 230 GeV. We gen-
erate all possible electroweak-ino pair production pro-
cesses and subsequent decays with MadGraph, inter-
faced with Pythia [70] for showering. Jets are recon-
structed with the anti-kT algorithm [71] with radius pa-
rameter R = 0.4 using FastJet [72]. We assume that
the sneutrino LSP does not yield missing energy as it
decays within the detector. Furthermore, we conserva-
tively assume that events are not rejected by any track
or jet quality cuts. We find that this benchmark point
is safe from the three-lepton search, which can be un-
derstood as a consequence of the smaller production rate
of the heavier electroweak-inos in comparison with pure
winos considered in Refs. [59, 69], as well as a suppres-
sion of missing energy due to decay of the LSP inside
the detector. We further note that it is possible to raise
the mass of the heavy neutralinos/chargino as desired
by splitting µ,M2, while still obtaining a sub-100 GeV
chargino, though at the expense of smaller corrections
9to the h → γγ, h → γZ decay rates. This will further
weaken the sensitivity of standard SUSY searches at the
LHC.
Current multi-lepton RPV searches at LHC are also
not sensitive to our scenario. As with standard SUSY
searches, multi-lepton RPV searches also reject events
with jets that fail to pass the quality cuts described
above [73–75] and require all leptons to come from a com-
mon primary vertex [74–76].
Dedicated searches for long-lived neutral particles A
number of dedicated searches for long-lived neutral par-
ticles have been performed in the past which in principle
could be sensitive to our scenario or variations thereof,
which we now survey.
At LEP, such searches were primarily limited to acopla-
nar photons and a single non-pointing photon plus miss-
ing transverse momentum (see, e.g., Refs. [77–79]), as
motivated by decays of long-lived neutralinos to a pho-
ton and gravitino in gauge mediation scenarios. The
displaced sneutrino can potentially fake a photon if it
decays near or within the electromagnetic calorimeter
(ECAL). However, the muon that originates from the
decay of the sneutrino will leave hits in the hadronic
calorimeter (HCAL) and muon chambers. These events
are thus subject to a veto designed to suppress cosmic
backgrounds [78].
At the Tevatron, dedicated searches for Hidden Val-
ley scenarios [80] in events containing a displaced neu-
tral particle decaying to two jets were performed by
both CDF [81] and D0 [82]. These searches do not di-
rectly apply to our scenario, but could lead to constraints
on scenarios in which the sneutrino decays hadronically.
D0 furthermore performed searches for long-lived neutral
particles decaying to e+e−, µ+µ−, and photon pairs [82],
[83]. However, these searches will not apply to displaced
sneutrinos decaying to different flavor lepton pairs, such
as eµ in our scenario.
The LHC experiments are pursuing a broader program
of searches sensitive to displaced decays. ATLAS has set
limits on long-lived neutral particles that decay in the
outer hadronic calorimeter or in the muon spectrome-
ter (MS) [84]. The analysis employs a dedicated muon
cluster RoI (Region of Interest) trigger. A muon RoI is
simply a coincidence of hits in the MS. The trigger re-
quires at least three muon RoIs in a ∆R = 0.4 cone. The
long-lived sneutrino decaying via (6) will yield at most
two RoIs. Therefore, the search is not applicable to our
scenario.
Ref. [85] performs the search for the Higgs decaying
to lepton jets [86–88]. This involves at the intermediate
stage long-lived neutral particles decaying to collimated
muon pairs. There are several selections that make this
search inapplicable to our scenario. In particular, the
search reconstructs muon jets – µ+µ− pairs in a narrow
cone, which are not present in our scenario.
There is an ATLAS search for a long-lived neutralino
decaying to a muon and two jets [89]. The analysis recon-
structs a displaced vertex from a muon and other charged
particles. In particular, the displaced vertex is required
to have at least 5 associated tracks. In our scenario,
with a displaced sneutrino decaying to an eµ pair, there
will only be two tracks for each displaced vertex, so this
search will not apply.
Finally, CMS has carried out searches for the Higgs
decaying to two long-lived particles which subsequently
decay to e+e−, µ+µ− pairs [90], and dijets pairs [91].
Notably, the dilepton search does not select eµ resonances
as would be present in our scenario. However, this search
likely sets strong constraints on very light sneutrino LSP
with a displaced decay to e+e− or µ+µ−. The dijet search
imposes a number of cuts which are not well-suited for
our scenario, e.g., hard jet pT and scalar pT sum HT cuts,
as well as minimum vertex multiplicity selections.
Testing the scenario at the LHC We now dis-
cuss how this scenario can be tested at LHC. The char-
acteristic signature is a displaced eµ resonance arising
when a sneutrino decays in the inner detector. The ex-
perimental techniques necessary to search for this sig-
nature can likely be adapted from existing searches for
prompt different-flavor dilepton resonances [92] and dis-
placed same-flavor dilepton resonances [90]. For example,
the displaced same-flavor search [90] requires either two
energy deposits in the ECAL or two track segments in
MS, along with associated displaced tracks without track
quality criteria imposed. Similarly, the signal events in
our scenario can be selected by one ECAL deposit + one
MS track. Although cosmic muons can fake a single MS
track trigger, they can be suppressed by the further re-
quirement of an associated displaced vertex pointing back
to primary vertex. This search maybe useful for sneu-
trino decays within about 50 cm [90, 93] where tracking
is available.
If one or both of the sneutrinos in our scenario de-
cay near the ECAL and consequently some tracks are
not reconstructable, an alternative trigger based on non-
standard objects such as trackless jets (objects character-
ized by calorimeter hits isolated from tracks in the inner
detector) can be employed. ATLAS has developed dedi-
cated triggers for trackless jets utilizing either 1) an asso-
ciated trackless muon, or 2) large HCAL to ECAL energy
deposition [94]. Finally, we note that the displaced vertex
reconstruction techniques utilizing capabilities of differ-
ent parts of detectors (not just of tracker) discussed in
Ref. [95] may also be useful for our scenario.
Other scenarios for light charginos Here we wish
to make some preliminary comments on variations of the
basic scenario considered above, reserving a detailed in-
vestigation for future work. If the sneutrino has a differ-
ent decay mode (6), there can be additional constraints
which are applicable. For instance, if the sneutrino de-
cays to a dielectron or dimuon pair, then the CMS search
for two displaced e+e− or µ+µ− resonances [90] will place
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stronger constraints on the lower end of the sneutrino
lifetime range than the LEP RPV searches displayed in
Fig. 5. This highlights the power of dedicated searches
for displaced neutral particles.
However, final states containing displaced resonances
with τ leptons are not explicitly covered by the CMS
displaced same-flavor dilepton search [90]. In particu-
lar, the search requires that the reconstructed dilepton
resonance momentum vector is collinear with the vector
pointing from the primary vertex to the displaced vertex,
which will generally not be satisfied as the τ shares its
energy among the final state lepton and neutrinos. Thus,
sneutrinos decaying at a macroscopic distance to eτ , µτ ,
or ττ may also still be viable. Dedicated searches for
these modes should be performed.
If the sneutrino decays to qq¯ through a LQD opera-
tor, then the situation is somewhat more complicated.
RPV UDD searches at LEP involving final state jets
generally require 8 or more good charged tracks (i.e.,
tracks with small impact parameter). Despite the fact
that the sneutrino is displaced, an appreciable efficiency
to meet the track multiplicity requirements is expected
even for lifetimes & 10 cm because each quark can yield
O(10) charged particles during hadronization. Prelimi-
nary simulations confirm this expectation, although there
is likely still an open window for this scenario from LEP
searches for sneutrino lifetimes of order 100 cm. At the
LHC, searches for displaced vertices formed purely from
jets are difficult due to the multijet background. Either
an extra muon is required [89, 94], or dedicated vertex
track requirements are utilized [91]. The latter search,
which likely has some sensitivity to this scenario, imposes
strong pT and HT cuts which are not ideal for very light,
long-lived sneutrinos decaying to dijet pairs. A search
targeted at low-mass, long-lived dijet resonances should
be developed.
Another scenario deserving of consideration contains
a chargino NLSP and neutralino LSP with a displaced
RPV decay (sneutrino and slepton are heavy). In this
scenario, the chargino decays via χ˜+1 → χ˜0W+
∗
. The
prompt hadronic decays of the virtual W+∗ boson will
lead to many good charged tracks, implying that the
track multiplicity selection will be highly efficient. It
therefore appears difficult to hide a light chargino in this
scenario.
PRECISION ELECTROWEAK DATA
As we have demonstrated above, the very light
charginos in our scenario can generate sizable one-loop
corrections to the effective couplings hγγ and hγZ. One
might therefore expect similarly large one-loop contribu-
tions to the gauge boson vacuum polarizations, which
can affect the predictions for precision electroweak ob-
servables. To investigate this issue, we have performed
a global fit to the precision data along the lines of the
Gfitter group [96]. A detailed description of the exper-
imental observables and theoretical predictions entering
in the fit can be found in Ref. [97].
The modifications to the W,Z, γ vacuum polarizations
are encoded in the STUVWX extended oblique param-
eters of Ref. [98, 99]. This extended formalism is neces-
sary since we are considering charginos masses of order
the Z boson mass and lighter. In the Appendix we report
the predictions for the observables entering into our fit
in terms of these oblique parameters. For the chargino
and neutralino contributions to the gauge boson vacuum
polarizations we use the results of Ref. [100].
In Figure. 7 we display in black the 68%, 95% C.L.
contours from our fit to the precision data for the case of
M2 = µ, M1 = 1 TeV in the chargino mass - tanβ plane.
For comparison we have also overlaid in red contours of
the chargino contribution to the diphoton signal strength.
The best fit in this region is obtained for tanβ ≈ 5 and a
chargino mass around 80 GeV, although the χ2 is essen-
tially flat in mχ˜+1
above this value. The total χ2 at the
best fit point, χ2min = 19.7 is somewhat smaller than the
SM value, χ2SM = 20.7.
We observe in Figure. 7 that the theoretical description
of the precision data becomes worse for lighter charginos
and small values of tanβ. There are two observables in
this region (beyond the already discrepant AbFB and Rb)
that display a slight ∼ 2σ tension: 1) The W boson mass,
which the SM predicts to be (mW )SM = 80.362 ± 0.007
GeV, becomes smaller as a result of a small negative
U parameter, widening the gap with the experimental
value (mW )exp = 80.385 ± 0.015 GeV. 2) The leptonic
asymmetry parameter A`, predicted in the SM to be
(A`)SM = 0.1472±0.0007, becomes smaller due to a small
positive X parameter, increasing the tension with the ex-
perimental average (A`)exp = 0.1499± 0.0018.
The tension in this region can be relaxed with a
small positive T parameter from a source other than the
charginos. A new contribution of order T ∼ 0.05 − 0.1
raises the values of mW and A`, leading to a global fit
that resembles that of the SM. As an example, a light,
highly-mixed stop can easily yield the required contri-
bution to T , while at the same time not upsetting the
observed Higgs production rates. This is because the
coupling of the light stops to the Higgs is proportional
to ∼ (1 − A2t/m2U3) and therefore only mildly disturbs
the gluon fusion rate if At ∼ mU3 . For instance, with
the inputs mQ3 = 200 GeV, mU3 = 1.7 TeV, At = 1.2
TeV, µ = 150 GeV, tanβ = 1.5, one obtains a stop with
mass close to the top, a contribution T ∼ 0.07, as well as
a small 10% enhancement of the gluon fusion rate. See
the discussion in Ref. [8] for more details. A detailed in-
vestigation of the collider bounds on the light stop and
sbottom in this case is beyond the scope of this paper,
although the presence of a displaced sneutrino LSP in
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FIG. 7. Precision electroweak data 68%, 95% C.L. contours
(black) in the m
χ˜+1
− tanβ plane. We also display in red
contours of the chargino contribution to the diphoton signal
strength. Here we have fixed M2 = µ, M1 = 1 TeV.
the decay chain implies that these events 1) contain sig-
nificantly less missing energy than in standard R-parity
conserving scenarios and 2) may be subject to the jet and
charged track quality cuts described above.
DISCUSSION AND OUTLOOK
In this work we have investigated a scenario with a very
light chargino in the mass range mh/2 < mχ˜+ . 100
GeV, below the naive kinematic reach of LEP2. A
chargino in this mass range can lead to dramatic devia-
tions in the h→ γγ and h→ Zγ decay rates, which could
be measured at the LHC and future high energy colliders.
A variety of LEP2, Tevatron, and LHC searches place
strong constraints on this hypothesis, but the analyses
are model dependent and based on assumed decay chan-
nels of the charginos. We presented a concrete scenario
which is not covered by existing searches: a chargino
decaying to sneutrino LSP, which subsequently decays
through a small RPV coupling with a macroscopic decay
length of order 10 cm − 100 cm. The charged particles
in the sneutrino decay products generically fail to point
back to the primary vertex, and as such do not pass basic
track impact parameter selection cuts required at LEP.
Furthermore, standard SUSY searches at LEP looking for
missing transverse momentum are weakened by a neutral
veto which will be in effect unless both sneutrinos decay
outside the detector.
The 125 GeV Higgs mass can be obtained in this sce-
nario in several ways. In the region of low tanβ relevant
for modifications to the h→ γγ, Zγ rate, it is difficult to
obtain a Higgs mass of 125 GeV in the MSSM with su-
perpartners at the TeV scale. One possibility is to simply
raise the masses of the scalars (except for the light sneu-
trino and slepton), and in particular the stops into the
multi-TeV range. Of course, such heavy stops require a
finely-tuned weak scale, and in this scenario one cannot
rely on the stops to improve the precision electroweak
data. For slightly larger values tanβ & 4 it is also pos-
sible to obtain the observed Higgs mass in the MSSM
with highly mixed stops at the TeV scale. Finally, one
can investigate extensions of the MSSM with new F - or
D-term contributions to the Higgs mass, see for example
Refs. [101–105]. These extensions can lead to modifica-
tions of the chargino interactions with the Higgs (see,
e.g., Refs. [106],[107]).
While our discussion has focused on charginos, similar
considerations apply to other hypothetical light charged
particles. With regards to the corrections to h→ γγ, the
one-loop form factor for scalars, fermions, as vectors ex-
hibit a rise in magnitude as the mass of the charged par-
ticle in the loop approaches mh/2, as we have illustrated
for the case of the fermion in Fig. 1. The basic scenario
for a hidden chargino described in this work can, with
a few modifications, be used to hide other light charged
particles. For example, a light stau NLSP decaying to
a long-lived neutralino LSP will be weakly constrained if
the neutralino lifetime is O(10 cm−100 cm). It would also
be interesting to consider non-supersymmetric scenarios.
For example, light vector-like leptons above 100 GeV
can lead to large deviations in h → γγ at the expense
of a low scale ∼ 10 TeV vacuum instability [108–118].
However, if the charged states are lighter are below 100
GeV, the same effect can be obtained with much weaker
couplings of the vector-like leptons to the Higgs, allowing
for a much higher UV completion scale.
Given this window in which light charginos, and by ex-
tension various other hypothetical light charged particles
with displaced neutral particles in their decay products,
are unconstrained, it is important that the LHC experi-
ments develop dedicated searches to probe this scenario.
We have touched on a few possible strategies to cover
the scenario proposed here, although detailed feasibility
studies and concrete search strategies are still required.
Furthermore, it should be possible to reanalyze the LEP2
data to test this scenario. While the current motivation
for such an effort is simply to cover an interesting open
window in SUSY parameter space, we stress that any fu-
ture definitive observation of a discrepancy in the h→ γγ
rate will mandate reconsideration of the possibility of
charged particles below 100 GeV.
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Appendix Predictions for Electroweak Observables
The predictions for the precision observables entering
into our fit in terms of STUVWX can be obtained from
Refs. [98, 99] and are as follows:
ΓZ = 2.4957− 0.0092S + 0.026T + 0.019V − 0.020X,
σ0had = 41.475 + 0.014S − 0.0098T + 0.031X,
R` = 20.744− 0.062S + 0.042T − 0.14X,
A`FB = 0.01625− 0.0061S + 0.0042T − 0.013X,
A` = 0.1472− 0.028S + 0.019T − 0.061X,
Ac = 0.6680− 0.012S + 0.0084T − 0.027X,
Ab = 0.93468− 0.0023S + 0.0016T − 0.0050X,
AcFB = 0.0738− 0.015S + 0.010T − 0.033X, (A.1)
AbFB = 0.1032− 0.020S + 0.014T − 0.043X,
Rc = 0.1723− 0.00021S + 0.00015T − 0.00046X,
Rb = 0.21475 + 0.00013S − 0.000091T + 0.00030X,
s2θeff = 0.23149 + 0.0035S − 0.0024T + 0.0078X,
mW = 80.362− 0.28S + 0.43T + 0.35U,
ΓW = 2.091− 0.015S + 0.023T + 0.018U + 0.016W.
For the results above, we have fixed the SM inputs
(mZ ,mt,mh, αs,∆α
(5)
had) to the predicted values of Gfit-
ter obtained in Ref. [96].
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